] i in sensory neurons by glutamate and capsaicin causes intracellular acidification by activation of PMCA type 3, that the pH i recovery from acidification is mediated by membrane transporters NHE1 and pNBC1 specifically, and that the activity of these transporters has direct consequences for neuronal excitability.
Trigeminal ganglion (TG) 2 neurons are primary sensory neurons that innervate deep and superficial tissues of the head and face. TG neurons express a variety of neurotransmitter receptors (1) . Receptor activation changes the concentration of various ions in the cytoplasm, which in turn may affect neuronal excitability (2) .
Various physiological and pathophysiological conditions can induce a change in the intracellular pH (pH i ). Many biological processes, such as enzyme activity, ionic conductance, and activity of membrane transporters, are pH-sensitive (3, 4) . Thus, the regulation of pH i in neurons is of critical importance; failure to maintain pH i may lead to numerous pathophysiological conditions (5, 6) . Neurons may become acidified in response to neurotransmitters and chemical compounds (7) (8) (9) , and this intracellular acidification has been linked to the activity of the plasma membrane Ca 2ϩ /ATPase (PMCA) (10, 11) . For example, the PMCA has been shown to be involved in neurotransmitter-induced intracellular acidification in cerebellar granule cells (8, 12) , aortic vascular smooth muscle cells (10) , and pancreatic acinar cells in rats (13, 14) . In addition to the PMCA, it has been reported that Na ϩ /Ca 2ϩ exchange and mitochondrial Ca 2ϩ uptake also affect pH i (2) . However, the underlying mechanisms for acidification and subsequent pH i recovery in sensory neurons remain largely unknown.
Glutamate, the most ubiquitous excitatory neurotransmitter, increases cytoplasmic free Ca 2ϩ ([Ca 2ϩ ] i ) in neurons involved in the transmission of sensory information (7) (8) (9) . Also, capsaicin, the primary pungent compound in hot pepper, evokes changes in [Ca 2ϩ ] i in sensory neurons by activation of the transient receptor potential vanilloid 1 (TRPV1) (15) (16) (17) . These compounds, as well as other neurotransmitters and chemicals, have been shown to evoke intracellular acidification through an increase in [Ca 2ϩ ] i in sensory neurons (2, 18) . Thus, it is important for these cells to maintain physiological pH i under conditions that otherwise may induce cell acidification. In addition, intracellular alkalization is known to activate nociceptors through activation of TRPA1 (4) . TRPV1 also is activated by both extracellular acidification and intracellular alkalization in dorsal root ganglion neurons (3) porters. For example, it has been reported that the mechanisms responsible for the regulation of pH i in neurons consist of Na ϩ /H ϩ exchangers (NHEs), Na ϩ /HCO 3 Ϫ cotransporters (NBCs), and Na ϩ -dependent Cl Ϫ /HCO 3 Ϫ exchangers (NDCBEs) (11, 19 -22) .
To date, the mechanisms of intracellular acidification have not been well characterized, and the membrane transporters involved in pH i recovery in primary sensory neurons, including TG, have yet to be identified. Therefore, the purpose of this study was to investigate the mechanism of intracellular acidification elicited by the glutamate-and capsaicin-induced [Ca 2ϩ ] i increase in TG neurons. We have identified the pH i regulatory mechanisms induced by intracellular acidification and also show that inhibition of NHE subtype 1 (NHE1) and pancreatic NBC subtype 1 (pNBC1), specifically, leads to intracellular acidification and results in an altered excitability of TG neurons.
MATERIALS AND METHODS
Cell Preparation-Procedures were carried out in accordance with the Institutional Animal Care and Use Committee at the School of Dentistry, Seoul National University. Briefly, neonatal Sprague-Dawley rats were anesthetized by ether and decapitated. Bilateral trigeminal ganglia were dissected and rinsed with Hanks' balanced salt solution buffer (Invitrogen). In fresh Hanks' balanced salt solution buffer, each ganglion was cut into 10 -15 tissue pieces and incubated at 37°C in a 15-ml conical tube containing 3 ml of trypsin solution (final concentration 0.2%) (Invitrogen) for 30 min; the trypsin was removed and washed with warmed Dulbecco's modified Eagle's medium (DMEM) (Sigma). Ganglia were triturated with a glass Pasteur pipette in 2 ml of fresh DMEM. Turbid medium was removed to a second conical tube, and the process was repeated twice more. With a final volume of 5 ml, the cell suspension was centrifuged at 550 ϫ g for 5 min, and the supernatant was discarded. The final suspension volume was varied according to the desired plating density: cell pellets were resuspended in 0.5-1 ml of DMEM and applied as a single drop (ϳ200 l) at the center of 5-8 coverslips placed within 35-mm tissue culture dishes. Glass coverslips had been soaked in ethanol (100%, v/v) for 30 min and dried. The coverslips were then coated with poly-L-ornithine (BD Biosciences) and subsequently washed three times in distilled water (23) . To allow cell adhesion, cells were incubated (37°C, 5% CO 2 ) for at least 1 h before feeding. Cells were fed with 2 ml of fresh DMEM, and plates were incubated again for 1 h (37°C, 5% CO 2 ).
Measurement of [Ca 2ϩ ] i and pH i -Cultured TG neurons were loaded with 2 M 2Ј,7Ј-bis-(2-carboxyethyl)-5,6-arboxyfluorescein acetoxymethyl ester (BCECF-AM) (Molecular Probes, Inc., Eugene, OR) by directly adding stock solution to the culture medium, followed by incubation for 30 min. BCECF-AM was prepared from a stock solution in DMSO; the final concentration of DMSO during loading was 0.1%. Fura-2/AM (Molecular Probes, Inc.) was used to determine [Ca 2ϩ ] i. . Cultured TG neurons were loaded by the addition of 2 ml of 2 M Fura-2/AM to the culture medium for 30 min at 37°C. The cells were gently washed once by replacing the medium with bicarbonate (HCO 3 Ϫ )-buffered solutions (BBS) and incubated for 10 min prior to experiments in order to allow maximal de-esterification of the dye. The fluorescence of BCECF-AM-and Fura-2/AM-loaded cells was measured using the MetaFluor version 6.1 imaging system (Universal Imaging, West Chester, PA). To monitor changes in [Ca 2ϩ ] i , samples were excited at 340/380 nm, and emission was detected at 505 nm; for determination of pH i in BCECF-AMloaded cells, wavelengths of 440/490 and 530 nm were used for excitation and emission, respectively. pH i values were calculated after calibration using standard methods (24, 25) .
Electrophysiological Recordings-Action potentials (APs) were recorded in TG neurons using a whole-cell patch clamp technique. APs in response to current injections were recorded using a patch clamp L/M-EPC7 amplifier (HEKA Elektronik, Lambrecht, Germany) in conjunction with pClamp 9.2 software and a Digidata 1322A analog-to-digital converter (Axon Instruments). APs were generated by square current pulse injections of 900 pA for 1 s. The extracellular solution was BBS (see below), and the pipette solution contained 125 mM K ϩ gluconate, 10 mM KCl, 2 mM MgCl 2 , 10 mM EGTA, 10 mM HEPES. The pH of the pipette solution was adjusted to the desired value with aqueous NaOH.
RT-PCR Analysis of NHE1, NBC1, NBC3, NBC4, NDCBE1, and PMCA1 to -4-Dissected tissue pieces were ejected into an RNA extraction solution to prepare the RNA and subsequently the cDNA. The PCR primers used to detect the transcripts are shown in Table 1 . The conditions used for all PCRs were a hot start of 5 min at 94°C followed by 35 cycles of 30 s at 94°C, 50 s at 58°C, and 50 s at 72°C. The reactions were terminated with a 7-min incubation at 72°C and subsequent cooling to 4°C.
Single-cell RT-PCR-Briefly, single cells were collected by micropipettes with a tip diameter of about 30 m. The intracellular contents of a single cell were aspirated into a patch pipette under visual control and were gently put into a reaction tube containing reverse transcription (RT) agents. To avoid genomic DNA contamination, a DNase I digest (40 min at 37°C) was performed before RT. After heat inactivation, RT was carried out for 50 min at 50°C (Superscript III, Invitrogen). Subsequently, the cDNA was divided into four or five 2-l aliquots that were used in separate PCRs. All PCR amplifications were performed with nested primers ( Table 2 ). The first round of PCR was performed in 50 l of PCR buffer containing 0.2 mM dNTPs, 0.2 M "outer" primers, 5 l of RT product, and 0.2 l of platinum Taq DNA polymerase (Invitrogen). The protocol included 5 min of initial denaturation at 95°C, followed by 35 cycles of 40 s of denaturation at 95°C, 40 s of annealing at 55°C, and then 40 s of elongation at 72°C, and was completed with a 7-min final elongation. For the second round of amplification, the reaction buffer (20 l) contained 0.2 mM dNTPs, 0.2 M "inner" primers, 5 l of the products from the first round, and 0.1 l of platinum Taq DNA polymerase. The reaction was the same as the first round. The PCR products were then displayed on the ethidium bromide-stained 2% agarose gel. Gels were photographed using a digital camera.
Small Interference RNA (siRNA) Design and Transfection-
The siRNA sequences (GenePharma, Shanghai, China) were as follows: first NHE1 construct, 5Ј-GCGGCGAGCA-GAUCAAUAATT-3Ј and 5Ј-UUAUUGAUCUGCUCGCCG-CTT-3Ј; second NHE1 construct, 5Ј-GAUUCAAGCUCAGC-AGCAATT-3Ј and 5Ј-UUGCUGCUGAGCUUGAAUCTT-3Ј; first pNBC1 construct, 5Ј-GGGCUUCCUUCCUUAAAC-ATT-3Ј and 5Ј-UGUUUAAGGAAGGAAGCCCTT-3Ј; second pNBC1 construct, 5Ј-GUGUGAUGAAGAAGAAGUATT-3Ј and 5Ј-UACUUCUUCUUCAUCACACTT-3Ј; first PMCA3 construct, 5Ј-CGAUGGUGUGCUCAUCCAATT-3Ј and 5Ј-UUGGAUGAGCACACCAUCGTT-3Ј; second PMCA3 construct, 5Ј-GGCUGUGUAGGAGACUAAATT-3Ј and 5Ј-UUUAGUCUCCUACACAGCCTT-3Ј; negative control, 5Ј-UUCUCCGAACGUGUCACGUTT-3Ј and 5Ј-ACGU-GACACGUUCGGAGAATT-3Ј. For transfection, 20 l of HiPerFect transfection reagent (Qiagen Inc., Valencia, CA) and 625 ng of siRNA were combined in DMEM and incubated at room temperature for 15 min. TG neurons were cleaned of all cell debris and incubated overnight with siRNA/ HiPerFect/DMEM at 37°C. After transfection, TG neurons were moved to normal medium and incubated as described above. TG neuron proteins were homogenized in lysis buffer (50 mM Tris, pH 7.5, 1% Triton X-100, 100 mM NaCl, 10 mM tetrasodium pyrophosphate, 10 mM NaF, 1 mM EDTA, 1 mM NaV, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 g/ml aprotinin, leupeptin, and pepstatin) followed by gentle sonification on ice. Following protein concentration determination, the proteins were separated on an SDS-polyacrylamide gel and transferred electrophoretically to polyvinylidene fluoride (PVDF) membranes and incubated with NHE1, pNBC1, and PMCA3 antibodies, respectively.
Solutions-BBS contained 110 mM NaCl, 5.4 mM KCl, 1.0 mM MgSO 4 , 1.2 mM CaCl 2 , 0.4 mM KH 2 PO 4 , 0.33 mM NaH 2 PO 4 , 20 mM HEPES, 10 mM glucose, and 25 mM NaHCO 3 (pH 7.4 with NaOH). HEPES-buffered solutions (HBSs) contained 135 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO 4 , 1.2 mM CaCl 2 , 0.4 mM KH 2 PO 4 , 0.33 mM NaH 2 PO 4 , 20 mM HEPES, 10 mM glucose (pH 7.4 with Tris-Base). NH 4 ϩ -containing solutions were prepared by replacing Na ϩ with equimolar NH 4 ϩ . During experiments, HBS and BBS solutions were gassed with 100% O 2 and 5% CO 2 , 95% O 2 , respectively. Glutamate and capsaicin were made as stocks in water and ethanol solutions, respectively. 5Ј-(N-Ethyl-N-isopropyl) amiloride (EIPA) and 4Ј,4Ј-diisothiocyanostilbene-2Ј,2Ј-sulfonic acid (DIDS) were made up as stocks in DMSO. All chemicals, unless otherwise stated, were obtained from Sigma. Mouse monoclonal NHE1 antibody, mouse monoclonal PMCA antibody, secondary goat anti-mouse antibody, and secondary anti-rabbit antibody were obtained from Santa Cruz Biotechnology (Heidelberg, Germany). Rabbit antipNBC1 polyclonal antibody, monoclonal actin antibody, and donkey anti-mouse were obtained from Chemicon (Temecula, CA).
Statistical Analysis-All data are expressed as mean Ϯ S.E. unless otherwise stated. Statistical significance was calculated using the Student's unpaired t test. A probability below 0.05 (p Ͻ 0.05) was considered significant.
RESULTS

Identification and Distribution of Membrane Transporters
and TRPV1 in TG Neurons-We identified the subtypes of NHEs and NBCs in rat TG neurons using RT-PCR. Bands of 190, 760, 210, and 750 bp were detected, corresponding to the predicted sizes for the mRNA transcripts of NHE1, pNBC1, NBC3, and NBC4, respectively (Fig. 1A) . On the other hand, transcripts for NHE2, NHE3, NHE4, kNBC1 (kidney type), and Na ϩ -dependent Cl Ϫ /HCO 3 Ϫ exchanger 1 (NDCBE1) were not found in TG neurons. We also examined the expression of TRPV1, NHE1, and pNBC1 in single TG neurons using single-cell RT-PCR (Fig. 1B) . mRNA transcripts of NHE1 and pNBC1 were detected in most of the cells we tested (n ϭ 8 -10 in each experiment), regardless of TG neuron size. However, TRPV1 was detected only in small (Ͻ24-m diameter) and medium sized (24 -38-m diameter) TG neurons. Therefore, the studies on the capsaicin-induced [Ca 2ϩ ] i and pH i change were all performed using small to medium sized TG neurons. (Fig. 2, C and D) . The pH i then recovered to the prestimulus level in the presence of ionomycin or thapsigargin. These results suggest that an increase in [Ca 2ϩ ] i initiates a transient acidification in TG neurons and that there is a strong pH i recovery mechanism in these neurons. ] i level was 21 Ϯ 3% (n ϭ 5) higher than the basal level, suggesting that LaCl 3 partly inhibits Ca 2ϩ efflux via PMCA. We also examined the effects of LaCl 3 on the glutamate-induced acidification (Fig. 3A, lower panel) . LaCl 3 reduced the magnitude of the glutamate-induced pH i decrease by 50 Ϯ 1%. The rate of the acidification was 0.22 Ϯ 0.012 pH units/min in control (solid line), which fell to 0.12 Ϯ 0.01 pH units/min (n ϭ 5) after LaCl 3 treatment (dotted line). The inhibitory effects of LaCl 3 on the capsaicin-induced [Ca 2ϩ ] i and pH i change were very similar to those of glutamate (Fig.  3B, upper and lower panels, respectively) .
We performed additional studies with another PMCA inhibitor, o-vanadate. The inhibitory effect of o-vanadate (10 mM) was tested on the capsaicin-induced [Ca 2ϩ ] i and pH i change. Fig. 4A shows that application of o-vanadate delays the reduction in [Ca 2ϩ ] i after capsaicin (1 M) application and sustains [Ca 2ϩ ] i at a higher level than the resting state level (the second and third peak in Fig. 4A ). Fig. 4B shows the pH i decrease by capsaicin alone (Cap) and in the presence of ovanadate (Cap ϩ Va). Acidification by capsaicin was almost completely inhibited by o-vanadate (96 Ϯ 0.01%, n ϭ 3). We performed a similar experiment in Ca 2ϩ -free medium. Fig. 4 -free medium. We identified the subtypes of PMCA in whole TG using RT-PCR. Bands of 600, 462, and 399 bp were detected, which correspond to the predicted size for the mRNA transcripts of Fig. 3A) . B, the inhibitory effect of LaCl 3 on the capsaicin-induced [Ca 2ϩ ] i and pH i change was very similar to that of glutamate.
PMCA1, -2, and -3, respectively (Fig. 5A) . On the other hand, transcripts for PMCA4 (233 bp) were not found in TG. We further examined the expression of PMCA subtypes in visually identified single TG neurons using single-cell RT-PCR (Fig. 5B) . mRNA transcripts for PMCA3 (lane 3) were detected in most cells tested (n ϭ 8 -10 in each experiment) regardless of TG neuron size. PMCA1 was detected only in large TG neurons (38 -60-m diameter). However, PMCA2 was not detected in any TG neurons. Based on these data, we next studied whether PMCA3 was involved in the capsaicininduced [Ca 2ϩ ] i and pH i change by using an siRNA knockdown approach. All siRNA experiments were performed on small to medium sized neurons throughout. Fig. 5C shows the capsaicin-induced pH i decrease after treatment with PMCA3 siRNA compared with control. Acidification by capsaicin was almost completely inhibited by PMCA3 siRNA (96 Ϯ 0.01%, n ϭ 3). Western blot analysis showed that transfection of cultured TG cells with PMCA3 siRNA reduced PMCA3 expression by 60 Ϯ 0.01% (n ϭ 3), whereas PMCA3 control siRNA did not significantly affect PMCA3 expression (Fig. 5D) . The experiment was repeated with a second PMCA3 siRNA construct, which reduced PMCA3 expression by 52 Ϯ 0.01% (n ϭ 3; data not shown). These results indicate that the capsaicininduced changes in [Ca 2ϩ ] i and pH i in small and medium 1-3, respectively) . Transcripts for PMCA4 (233 bp, lane 4) were not found. N, negative control. B, expression of PMCA subtypes in single TG neurons using single-cell RT-PCR. TG neurons were divided into small (S), medium (M), and large (L) neurons based on the diameter indicated in parentheses. C, effect of PMCA3 siRNA on pH i . Cells pretransfected with PMCA3 siRNA after capsaicin nearly completely inhibited the pH i decrease. Con, control. D, the knockdown effect of PMCA3 siRNA in TG neurons. TG neurons transfected with a first PMCA3 construct siRNA and control siRNAs for 16 h were incubated in DMEM prior to the extraction of proteins for Western blots of PMCA3 and actin. The data are presented as mean Ϯ S.E. (n ϭ 3). **, p Ͻ 0.01 versus control.
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sized TG neurons are dependent on the activity of PMCA3 specifically.
Identification of Membrane Transporters in TG Neurons Involved in the pH i Recovery from Intracellular Acidification-
Our results thus far have demonstrated that there is a robust pH i recovery mechanism in TG neurons. Next, we investigated the kinds of membrane transporters involved in the pH i recovery from intracellular acidification. For this experiment, we used an NH 4 Cl pulse technique in which exposure to NH 4 Cl (20 mM) for 1 min induces a transient alkalization followed by intracellular acidification (21) . We then measured the rate of pH i recovery with and without HCO 3 Ϫ in the extracellular solution as well as in the presence of specific transporter blockers. In some experiments, NH 4 Cl pulse was followed by Na ϩ -free bath solution to examine the Na ϩ dependence of the transporter function. Fig. 6A shows the pH i recovery pattern in TG neurons after NH 4 Cl application. The pH i recovery rate was significantly higher in BBS (0.270 Ϯ 0.009 pH units/min; n ϭ 5, p Ͻ 0.05) than in HBS (0.125 Ϯ 0.014 pH units/min, n ϭ 5). Fig. 6B shows the pH i recovery rate from cell acidification in HBS. Application of 5 M EIPA, a specific blocker for NHE1, completely blocked the pH i recovery (Fig. 6B) . We then investigated the pH i recovery in BBS. EIPA only partially inhibited pH i recovery in the presence of HCO 3 Ϫ (0.165 Ϯ 0.003 pH units/min, n ϭ 5); pH i recovery was not observed when Na ϩ was absent from the extracellular medium. The pH i recovery component remaining in the presence of EIPA (0.105 Ϯ 0.002 pH units/min, n ϭ 5) JANUARY 21, 2011 • VOLUME 286 • NUMBER 3
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was completely inhibited by the addition of DIDS (500 M), an inhibitor of pNBC1 (Fig. 6D) . These results suggest that in addition to NHE1, TG neurons also possess functional pNBC1, which is EIPA-insensitive is dependent on the presence of Na ϩ and HCO 3 Ϫ . The mean pH i recovery rates in each experimental condition are summarized in Fig. 6E .
We further confirmed the role of NHE1 and pNBC1 using a knockdown approach. Fig. 7A shows the normal pH i recovery pattern in TG neurons transfected with control siRNA. The pattern of pH i recovery from acidification was very similar to that of the non-treated group (Fig. 6A) . The pH i recovery rate in control siRNA transfected cells was also higher in BBS than in HBS, suggesting that both NHE1 and pNBC1 were functioning normally. Transfection of cultured TG neurons with NHE1 siRNA completely inhibited pH i recovery in HBS, whereas a pH i recovery component remained in BBS (Fig. 7B) , possibly mediated by pNBC1. After transfection with siRNA for pNBC1, the pH i recovery in the presence of HBS (Fig. 7C ) was similar to that in control (Fig. 7A) . However, siRNA knockdown of pNBC1 did slow the pH i recovery rate in BBS (Fig. 7C ) compared with control siRNA (Fig. 7A) . The remaining pH i recovery component may due to the residual function of NHE1.
Western blot analysis showed that transfection of TG neurons with NHE1 and pNBC1 siRNA markedly reduced the expression of NHE1 (66 Ϯ 0.01%, n ϭ 3) and pNBC1 (46 Ϯ 0.01%, n ϭ 3), respectively (Fig. 7, D and E) . Transfection of TG neurons with second constructs for NHE1 and pNBC1 siRNA also resulted in a marked inhibition of the NHE1 (25 Ϯ 0.05%, n ϭ 3) and pNBC1 proteins (65 Ϯ 0.01%, n ϭ 3) (data not shown), further confirming the specificity of NHE1 and pNBC1 siRNA for NHE1 and pNBC1 knockdown, respectively. Pretreatment with either control siRNA construct did not significantly affect NHE1 and pNBC1 expression (lane 3 Fig. 7, D and E) . These results further confirm that NHE1 and pNBC1 play key roles in pH i regulation in TG neurons.
Modulation of APs in TG Neurons by pH i -We next examined whether pH i can affect the excitability of TG neurons by again employing the NH 4 Cl pulse technique. We have already shown that an NH 4 Cl pulse induces two different pH i states in TG neurons: a transient cell alkalization (ϳ1 min) followed by cell acidification after washout of NH 4 Cl (see inset in Fig.  8 ). APs were elicited in TG neurons with a current injection of 900 pA for 1 s in BBS using the current clamp technique. Fig. 8A shows the firing pattern in a TG neuron before NH 4 Cl pulse (4 Ϯ 0.1 APs/s; n ϭ 5). During the early phase of the NH 4 Cl pulse (Fig. 8B) , which corresponds to cell alkalization, the frequency of APs was significantly increased (11 Ϯ 0.5 APs/s, n ϭ 5; p Ͻ 0.05). After washout of NH 4 Cl (Fig. 8C) , AP frequency was markedly decreased (3 Ϯ 0.5 APs/s; n ϭ 5, p Ͻ 0.05). Seven minutes after washout (Fig. 8D) , the AP frequency recovered to that of control (4 Ϯ 0.5 APs/s; n ϭ 5). The effect of pH i on AP frequency was further confirmed by directly changing the pH of the recording patch pipette solution. AP frequency was significantly lower (2 Ϯ 0.5 APs/s, n ϭ 5, p Ͻ 0.05) with a pipette solution of pH 6.8 (Fig. 8E ). In contrast, AP frequency was significantly higher (19 Ϯ 0.5 APs/s, n ϭ 5, p Ͻ 0.01) with a pipette solution of pH 7.8 (Fig. 8F) .
Finally, we examined whether the inhibition of membrane transporters NHE1 and pNBC1 can directly contribute to the modulation of AP frequency in BBS during pH i recovery. Fig.  9 shows current clamp recordings of a TG neuron during pH i recovery periods, which correspond to the periods marked d (Fig. 9, A and B) . The simultaneous application of both inhibitors further reduced the AP frequency (1 Ϯ 0.5 APs/s, n ϭ 5, p Ͻ 0.01) (Fig. 9C) . These results are summarized in Fig. 9D . Our data have shown that AP frequency in TG neurons is dependent on pH i and that EIPA and DIDS prolong cell acidification by blocking NHE1 and pNBC1 transporters, respectively.
DISCUSSION
The levels of intracellular Ca 2ϩ and pH play vital roles in sensory neurons, including synaptic plasticity, neurotransmitter release, and gene regulation (26) ; even subtle changes to [Ca 2ϩ ] i and pH i may have drastic physiological or pathological consequences (2) . Several mechanisms of Ca 2ϩ -induced intracellular acidification have been proposed in a number of cell types (8, (13) (14) 25) . Neurotransmitters may also induce intracellular acidification through mechanisms that involve elevation of [Ca 2ϩ ] i (27) . In our study, both glutamate and capsaicin were able to induce concomitant changes in [Ca 2ϩ ] i and pH i . Removal of extracellular Ca 2ϩ completely blocked the acidification induced by capsaicin, showing that the influx of Ca 2ϩ is both necessary and sufficient to induce intracellular acidification by neurotransmitter receptor activation. We found that TRPV1, the receptor activated by capsaicin, was expressed only in small and intermediate sized TG neurons that are thought to be nociceptive (28) . Glutamate has been shown to sensitize mechanosensitive afferents (29) , and capsaicin has been shown to activate and sensitize trigeminal afferents; TRPV1 may also mediate Ca 2ϩ -dependent intracellular acidification in dorsal root ganglion neurons (7). Thus, both glutamate and capsaicin may possibly modulate the processing of nociceptive input in TG neurons from craniofacial tissues (30) via mechanisms involving [Ca 2ϩ ] i elevation and pH i acidification.
Although the PMCA is primarily involved in Ca 2ϩ regulation, it may also play a secondary role in pH i regulation in the process of extruding Ca 2ϩ (12, 13) . The PMCA appears to be responsible for the recovery of physiological Ca 2ϩ levels and intracellular acidification by countertransport of H ϩ in vascular smooth muscle cells (10) and neurons (31) . In cerebellar granule cells (12) and pancreatic acini (13) inset) . B, the increase in AP frequency during the alkalization periods (B in the inset). C, APs 2 min after washout of NH 4 Cl, which equates to the acidification period (d in the inset). D, APs 7 min after washout of NH 4 Cl (e in the inset). pH i had recovered to base line in this period. E and F, AP frequency with pipette solutions of pH 6.8 and 7.8, respectively. In A-D, the pH of the pipette solution was adjusted to 7.4. acidification. These data indicate that acidification is at least partly due to Ca 2ϩ /H ϩ exchange through the PMCA (Fig. 3 ). To date, several possible mechanisms have been proposed to account for Ca 2ϩ -induced intracellular acidification in neurons and other cell types (32) . These include overproduction of CO 2 /lactate and collapse of the mitochondrial membrane potential due to Ca 2ϩ uptake (8) . We identified the expression of PMCA subtypes in TG neurons and found that PMCA3 was expressed in all TG neurons, regardless of size (Fig. 5B) . Together, our results strongly suggested that the PCMA subtype PMCA3 is the main contributor to the [Ca 2ϩ ] i -induced acidification in response to neurotransmitter receptor activation in TG neurons.
Ion and pH homeostasis in neurons is regulated by various acid-base transporters (e.g. the NHE family and the HCO 3 Ϫ -dependent acid-base transport protein family) (33, 34) . In particular, NHE1, NDCBE, AE3, and NBC are key contributors to acid-base regulation in neurons (2) . NHE1 and pNBC1 were functionally expressed in TG neurons of all sizes, and the activities of both were dependent on the presence of extracellular Na ϩ . The specific NHE1 inhibitor EIPA blocked pH i recovery in HBS, demonstrating the function of NHE1 in TG neurons. The NBC family includes the electrogenic Na ϩ -HCO 3 Ϫ co-transporter (NBC1 and NBC4) and electro-neutral Na ϩ -HCO 3 Ϫ co-transporter (NBC3) as well as NDCBE (35) . In our experiments, mRNA transcripts of NBC1, NBC3, and NBC4 were detected in TG neurons. DIDS, a nonspecific blocker for NBC1, together with EIPA, completely inhibited pH i recovery of TG neurons in BBS. However, we cannot rule out the possibility that other non-DIDS-sensitive NBCs also contribute to the pH i recovery. Unfortunately, specific inhibitors for NBC3 or - 4 are not yet available. Nevertheless, the complete inhibition of pH i recovery by DIDS strongly suggests that NBC1 is a main contributor to pH i recovery among the NBC family in HCO 3 Ϫ -buffered solutions. NBC1 has two variants: kNBC1 from kidney and pNBC1 from pancreas. We found that the NBC1 expressed in TG neurons is the pancreatic type, which has been reported in pancreas (36, 37) and salivary glands (38, 39) . We further confirmed the role of NHE1 and pNBC1 in pH i recovery by treating TG neurons with siRNA. There was a substantial loss of pH i recovery function after gene knockdown of NHE1 and pNBC1 but not after control siRNA treatment. NHE1 inhibition has been shown to protect hippocampal neurons in a gerbil model of ischemic injury (40) , where cell swelling was reduced as a result of decreased Na ϩ entry caused by blockade of NHE1. The role of HCO 3 Ϫ transporters in the brain has been reported in a mouse model of prolonged hypoxia in which brain expression levels for two electro-neutral Na ϩ -coupled HCO 3 Ϫ transporters (NBC3 and NDCBE) were decreased. This down-regulation of NBC3 and NDCBE in hypoxia resulted in cellular acidification (41) . Thus, NHE1 and HCO 3 Ϫ transporters are critically important in maintaining ionic and pH homeostasis for neuronal survival.
In our experiments, we found that the neuronal excitability of TG neurons is influenced by pH i ; intracellular alkalization increased AP firing rates, whereas acidification reduced them. The pH i dependence of AP generation in TG neurons was further confirmed by altering the intracellular pH via the patch pipette in whole-cell mode. At pH i 6.8, the AP firing rates mimicked the recordings in cell acidification, whereas at pH i 7.8, the firing rates mimicked cell alkalization, equal to the early stage of the NH 4 Cl pulse. These data are consistent with a previous report in hippocampal slices whereby ammonium prepulse induced bursting activity of CA3 neurons during the alkalinizations phase and decreased spontaneous activity during the acidification phase (42) .
The acidification induced by neurotransmitter receptor agonism promptly returned to base-line pH i . Through a combination of pharmacological and siRNA knockdown approaches, we demonstrate that the pH i recovery mechanism in TG neurons is probably mediated by the membrane transporters NHE1 and pNBC1. Liu and Somps (43) have shown that inhibitors of NHE1 can reduce the excitability of rat primary sensory neurons. Together, our results extend these findings by demonstrating that the activity of plasma membrane Na ϩ /H ϩ exchange, as well as Na ϩ /HCO 3 Ϫ co-transport, has consequences for sensory neuron excitability by directly affecting pH i .
The regulation of pH i is also critical for the behavior of other ion channel mechanisms. In rat hippocampal neurons, glutamate application induced cell acidification and reduced Ca 2ϩ current amplitude, whereas intracellular alkalization potentiated Ca 2ϩ current (44) . Also, acidification suppressed currents mediated by the murine TRPP3 channel, whereas alkalization caused an increase in current amplitude (45) . pH i has also been shown to modulate the capsaicin receptor TRPV1 itself, which may play a crucial role in the transmission of pain signals in dorsal root ganglion neurons (46) . In summary, we have shown that a glutamate or capsaicininduced [Ca 2ϩ ] i increase causes intracellular acidification through the activity of PMCA3 and that the subsequent intracellular acidification is recovered by membrane transporters, including NHE1 and pNBC1 in TG neurons. We conclude that the activity of these transporters has direct consequences for sensory neuron activity via the regulation of pH i .
